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Summary
Retinal ganglion cell (RGC) axons diverge within the
optic chiasm to project to opposite sides of the brain.
In mouse, contralateral RGCs are distributed through-
out the retina, whereas ipsilateral RGCs are restricted
to the ventrotemporal crescent (VTC). While repulsive
guidance mechanisms play a major role in the forma-
tion of the ipsilateral projection, little is known about
the contribution of growth-promoting interactions
to the formation of binocular visual projections. Here,
we show that the cell adhesionmolecule Nr-CAM is ex-
pressed by RGCs that project contralaterally and is
critical for the guidance of late-born RGCs within the
VTC. Blocking Nr-CAM function causes an increase
in the size of the ipsilateral projection and reduces
neurite outgrowth on chiasm cells in an age- and
region-specific manner. Finally, we demonstrate that
EphB1/ephrin-B2-mediated repulsion and Nr-CAM-
mediated attraction comprise distinct molecular pro-
grams that each contributes to the proper formation
of binocular visual pathways.
Introduction
In most organisms with frontally located eyes, retinal
axons diverge at the optic chiasm midline, such that
fibers originating from temporal retina project ipsilater-
ally while those from nasal retina project contralaterally.
This arrangement allows input from both eyes that
*Correspondence: takeshi.sakurai@mssm.edu
6 Present address: Laboratory of Mammalian Cell Biology and Devel-
opment, The Rockefeller University, New York, New York 10021.perceive the same point in space to converge at higher
visual centers and is important for binocular vision. In
mouse, the eyes are located laterally, andw3% of axons
project ipsilaterally (Guillery et al., 1995). While in the
adult these uncrossed axons originate almost exclu-
sively from the VTC, the process by which axons are
sorted at the chiasm midline during development occurs
in three phases (Figure 1A).
The first axons to leave the retina emerge from the
dorsocentral (DC) region and pioneer the optic tracts
as they project to both sides of the brain (Colello and
Guillery, 1990; Guillery et al., 1995). RGC differentiation
extends radially outward from the DC region (Drager,
1985; Reese and Colello, 1992) so that bywE14, axons
from the more peripheral VTC begin to reach the chiasm.
During the peak phase of retinal axon divergence from
wE14 through E16, ipsilaterally and contralaterally pro-
jecting RGCs are spatially segregated within the retina.
However, beginning at wE17 until birth, the projection
behavior of RGCs within the VTC changes, and most
axons that arrive at the chiasm during this late period
cross the midline (Drager, 1985).
Most studies on the patterning of binocular visual
pathways have focused on the formation of the un-
crossed projection during the peak phase of retinal
axon divergence from E14–E16. Live imaging and in vitro
analyses indicate that the chiasm region at this stage is
generally inhibitory to RGC axons. Thus, the selective
repulsion of VT axons at the midline is thought to under-
lie the formation of the partial pattern of decussation
characteristic of the mammalian chiasm (Godement
et al., 1994; Wang et al., 1995; Wizenmann et al., 1993).
In support of this, recent reports have shown that re-
pulsive interactions between EphB1 and ephrin-B2—
expressed by VT RGCs and cells of the chiasm midline,
respectively—are required for the ipsilateral projection
to form (Nakagawa et al., 2000; Williams et al., 2003).
It is not known whether other guidance mechanisms
contribute to the formation of binocular visual pathways
or if midline crossing is an active or passive process.
Crossing may simply be a default behavior that occurs
in the absence of repulsion. Thus, in the peak phase,
non-VT axons may cross the midline because they ex-
press low levels of EphB1, while in the late phase, VT
axons cross because there is little ephrin-B2 at the
chiasm (Williams et al., 2003). Other evidence suggests
that crossing may be a more active process, requiring
interactions between retinal axons and specialized cells
of the chiasm region. Perturbation of CD44, an epitope
expressed by early chiasmatic neurons, causes retinal
axons to stall prior to reaching the midline and reduces
the magnitude of the crossed projection (Lin and Chan,
2003; Sretavan et al., 1995). Additionally, studies in
zebrafish have identified genes that, when perturbed,
disrupt the normal pattern of decussation at the chiasm
(Sakai and Halloran, 2006; Seth et al., 2006).
In two other midline models—the Drosophila ventral
nerve cord and the floor plate of the vertebrate spinal
cord—the chemoattractant netrin and chemorepellants
of the Slit family are important for controlling the
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536Figure 1. Nr-CAM Expression in the Mouse
Visual System
(A) Retinal axon projections occur in three
phases. (Top) The first RGCs from DC retina
project both ipsilaterally (red) and contralat-
erally (green), a decision that is thought to
be stochastic (Guillery et al., 1995). Early un-
crossed projections—unlike later ones from
VT—are transient and diverge laterally in-
stead of at the midline. (Middle) In the peak
phase, VT axons express high levels of EphB1
and are prevented from crossing the midline
by the repellant ephrin-B2. (Bottom) After
wE18.5, RGCs no longer project ipsilaterally
(dotted red line), and newly postmitotic
RGCs from the entire peripheral retina project
contralaterally.
(B) Expression of Nr-CAM mRNA during early
(top), peak (middle), and late (bottom) phases
of development in the retina (left) and optic
chiasm (right). At each age, Nr-CAM is ex-
pressed in regions of retina that project con-
tralaterally.Nr-CAM expression in the chiasm
region is highest at E12.5 and declines grad-
ually over time. Arrowhead indicates the posi-
tion of the VTC, where Nr-CAM mRNA levels
are low at E15.
Scale bars, 100 mm.pathfinding of commissural axons at the midline (re-
viewed in Kaprielian et al. [2001]). However, netrins are
absent from the chiasm midline, and Slits appear to
control where rather than whether axons cross the mid-
line in the visual system (Deiner and Sretavan, 1999;
Hutson and Chien, 2002; Plump et al., 2002). In addition
to Slits, semaphorins and cell adhesion molecules
(CAMs) of the L1 family play a role in controlling commis-
sural axon crossing at the ventral midline of the spinal
cord (Long et al., 2004; Pekarik et al., 2003; Zou et al.,
2000). Perturbation of Nr-CAM or TAG-1 function in
chick prevents some commissural axons from crossing
the midline, although genetic analyses in mice have yet
to reveal similar defects (Lustig et al., 1999; More
et al., 2001; Stoeckli and Landmesser, 1995; Stoeckli
et al., 1997).
The L1 CAMs—which include L1, CHL1, Nr-CAM, and
Neurofascin—have been shown to function in axon
growth, guidance, and fasciculation through both homo-
philic and heterophilic interactions (Brummendorf and
Rathjen, 1995). Nr-CAM can bind to itself, the related
CAMs contactin, TAG-1, and Neurofascin, as well as
RPTPb, proteoglycans, and semaphorins (Julien et al.,
2005; Morales et al., 1993; Sakurai et al., 1997; Suter
et al., 1995). Both L1 and Nr-CAM are expressed on ret-
inal axons and promote retinal axon growth as sub-
strates (Bartsch et al., 1989; Lagenaur and Lemmon,
1987; Sretavan et al., 1994). In addition, perturbation of
Nr-CAM function in chick retina slows axonal growth
and causes pathfinding errors at the optic disc (Zelina
et al., 2005).
Here, we report a novel function for Nr-CAM in pro-
moting passage through the chiasm, specifically for the
late-crossed projection from the VTC. Consistent with
a role in facilitating midline crossing, Nr-CAM is most
highly expressed throughout development in RGCs
whose axons project contralaterally. When Nr-CAM
function is perturbed by antibody treatment, more axonsproject ipsilaterally. Moreover, axons from retinal ex-
plants that normally project contralaterally grow more
poorly on chiasm cells in vitro when Nr-CAM function
is blocked, an effect that is specifically due to loss of
Nr-CAM function in the retina. Analysis of Nr-CAM mu-
tants reveals an age-dependent increase in the magni-
tude of the ipsilateral projection, attributable to a shift
in the proportion of late-born VT RGCs whose axons
cross the midline. Interestingly, while nearly all RGCs in
EphB1 mutants project contralaterally, Nr-CAM;EphB1
double mutants develop a substantial ipsilateral projec-
tion late in development, suggesting that EphB1 and
Nr-CAM operate through distinct pathways to direct
RGC axon divergence at the optic chiasm. Collectively,
our findings are consistent with a model in which midline
crossing is in fact an active process—mediated at least
in part by Nr-CAM—rather than simply the absence or
repression of an ipsilateral program.
Results
Nr-CAM Is Most Highly Expressed in Regions
of Retina that Project Contralaterally
Previously we reported that Nr-CAM is expressed in the
developing visual system in both the retina and optic
chiasm (Lustig et al., 2001a). Here, we reexamine the
distribution of Nr-CAM mRNA at each of the three
phases when visual projections are established (Fig-
ure 1B). At E12.5, Nr-CAM is highly expressed by RGCs
in DC retina, in the developing lens, and in the neuroepi-
thelial cells surrounding the third ventricle in the chiasm
region. At E15, Nr-CAM is present both throughout the
RGC layer and on the radial glia of the chiasm midline,
though expression in the chiasm region progressively
declines by E18.5. Interestingly, at E15.5 Nr-CAM levels
are noticeably lower in the VTC (arrowhead in Figure 1B).
This gap in Nr-CAM expression was not observed in
more anterior and posterior sections or in dorsal retina
Nr-CAM Function in Retinal Axon Guidance
537Figure 2. Nr-CAM Is Expressed Predominantly by Contralaterally Projecting RGCs at E16.5
(A) Expression ofNr-CAMmRNA (red) in ventral retina relative to markers of ipsilateral RGCs, EphB1 (green) and Zic2 (blue). At E16.5, there is only
a small gap at the periphery where Nr-CAM expression is low. While there is some overlap in the expression of Nr-CAM and EphB1 (bracketed
region), few if any cells express both Zic2 and Nr-CAM.
(B) (Top) Schematic of retrograde labeling paradigm. (Bottom) Typical distribution of labeled cells and axons in the ipsilateral and contralateral
retinae.
(C) Levels of Nr-CAM-EGFP (green) are higher where contralateral RGCs (red) reside. Consistent with in situ hybridization data, EGFP is ex-
pressed at lower levels in ipsilaterally projecting regions of retina (arrowheads), though this difference is not as striking as at younger ages.
(D) As in the transgenic, Nr-CAM protein (green) levels are lowest in the peripheral VTC (arrowheads). Because Nr-CAM protein is enriched on
axons, but absent from cell bodies, Nr-CAM and dextran do not colocalize in the merge.
Scale bars, 100 mm.(see Figure S1 in the Supplemental Data available with
this article online). Over time, however, this gap disap-
pears; in fact, at E18.5 levels of Nr-CAM are high periph-
erally (Figure 1B), where the most recently differentiated
RGCs reside.
This suggests that Nr-CAM is preferentially expressed
by RGCs whose axons cross the midline. To test this, we
compared the expression ofNr-CAM to Zic2 and EphB1,
two markers of ipsilateral RGCs. Zic2—a zinc finger
transcription factor which labels postmitotic VT RGCs
and is required for the ipsilateral projection to form
(Herrera et al., 2003)—is expressed in a pattern that is
complementary to Nr-CAM mRNA at E15.5–E16.5 (Fig-
ures 2A and S1). EphB1 is expressed in a gradient that
is highest at the periphery of the VTC where Zic2 is also
expressed and lower medially, while Nr-CAM mRNA is
expressed in an opposing gradient, lowest at the periph-
ery (Figure 2A).
We next performed unilateral retrograde labeling to
determine whether Nr-CAM levels correlate with RGC
axon projection behavior (Figures 2B–2D). Because
this technique is incompatible with in situ hybridization,
we visualized Nr-CAM using a transgenic mouse ex-
pressing EGFP under control of the Nr-CAM promoter
(Nr-CAM-EGFP) or with an Nr-CAM antibody. In two
independent founder lines, EGFP was expressed in
a pattern that is indistinguishable from Nr-CAM (data
not shown and Figures 2C and 2D). Consistent with in
situ hybridization data, EGFP is expressed at higher
levels in contralateral RGCs (Figure 2C). Similar results
were obtained with an Nr-CAM antibody (Figure
2D). Analysis of Nr-CAM fluorescent pixel intensityconfirmed that Nr-CAM protein levels were on aver-
age 10% lower (p = 0.0004) in EphB1+ versus neighbor-
ing EphB12 regions of the VTC at E16.5.
Previously, we showed that Nr-CAM levels on retinal
axons increase as they approach the chiasm (Lustig
et al., 2001a). Thus, we examined the expression of
Nr-CAM protein on retinal axons at each of the three
phases of visual development and at different points
along their trajectory (Figure S2). Both Nr-CAM mRNA
and protein are expressed by midline radial glia in the
chiasm region, in a high anterior/low posterior gradi-
ent, and overall levels decline with age. In addition,
Nr-CAM levels on retinal axons are dynamically regu-
lated both spatially and temporally. Quantification of
pixel intensity in serial sections revealed that Nr-CAM
protein is expressed at highest levels on retinal axons
in the optic nerve head and optic chiasm, with reduced
levels in the distal optic nerve and tract. Thus, Nr-CAM
protein is localized appropriately in vivo to participate
in midline guidance decisions.
Blocking Nr-CAM Function Increases the Size
of the Ipsilateral Projection
If Nr-CAM is important for mediating midline crossing,
then blocking Nr-CAM function should cause a higher
proportion of RGC axons to project ipsilaterally. To test
this, we cultured semi-intact visual system preparations
from E14.5 embryos (Godement et al., 1994; Williams
et al., 2003) in the presence of a function-blocking
Nr-CAM antibody (aNr-CAM 837, Lustig et al., 2001a)
or soluble form of the Nr-CAM ectodomain (Nr-Fc; Lus-
tig et al., 1999). In the majority of control cultures, a small
Neuron
538Figure 3. Blocking Nr-CAM Function Renders the Chiasm Environment More Inhibitory at E14.5
(A) Representative semi-intact cultures treated with either Fc or Nr-Fc, labeled unilaterally with DiI. The size of the ipsilateral projection (arrows) is
generally larger in cultures where Nr-CAM function is blocked. *chiasm midline; r, retina, on, optic nerve; ot, optic tract.
(B) Quantification of the magnitude of the ipsilateral projection observed in each of the treatment conditions. Addition of Fc had a mild non-
specific effect compared to untreated cultures (c2 = 4.087; p = 0.0432). However, there was a pronounced effect of Nr-Fc treatment versus
Fc alone (c2 = 17.94; p < 0.0001) and of aNr-CAM 837 versus the control antibody (c2 = 10.79; p = 0.0045).
(C) Low-density retina-chiasm cocultures. (At left) Cartoons indicating the location of VT (top) and DT (bottom) explants (shaded in blue) relative
to the position of ipsilateral RGCs (red dots). (At right) Inverted fluorescent images of representative NF-stained E14.5 explants. Control indicates
cultures treated with Fc or an aFc antibody, which yielded similar results.
(D) Quantification of data from five independent experiments depicted in (C). VT, but not DT, axons grow more poorly on chiasm cells alone
(black bars). aNr-CAM 837 caused a slight nonspecific decrease in the outgrowth of VT explants, though the decrease in VT axon outgrowth
on chiasm cells relative to laminin was similar in both conditions (controls, 24% reduction versus aNr-CAM 837, 20% reduction). While treatment
with aNr-CAM 837 had no effect on DT explants grown on laminin, it reduced DT outgrowth on chiasm cells by 30%.
Scale bars, 500 mm. Error bars indicate SEM; n’s are indicated in parentheses.ipsilateral projection was observed after 24 hr in culture
(Figure 3A). In other cases (25%–40% of cultures), no
ipsilateral projection could be detected, most likely be-
cause DiI labeling was incomplete. Overall, in only 1/77
controls (<2%) was an abnormally large ipsilateral pro-
jection observed. Conversely, when treated with Nr-Fc
or aNr-CAM 837, a large ipsilateral component was ob-
served in 40% and 28% of cases, respectively (Figures
3A and 3B). Furthermore, instances of no observable
ipsilateral component were very rare (2/56 cultures in
total), suggesting that blocking Nr-CAM function in-
creases the likelihood that a retinal axon will fail to cross
the midline.Nr-CAM Facilitates Growth of Contralateral Axons
on Chiasm Cells
To test whether Nr-CAM is specifically required for reti-
nal axons to respond properly to cues present in the chi-
asm environment, we cultured explants from regions
of E14.5 retina expressing either low or high levels of
Nr-CAM (VT and DT, respectively) on laminin substrates
seeded with a low density of dissociated chiasm cells
(Figures 3C and 3D; Table 1). In this paradigm, VT axons
tend to be shorter, more fasciculated, and avoid clusters
of chiasm cells, whereas axons from regions of retina
that normally project contralaterally (including DT) are
less affected (Wang et al., 1995; Williams et al., 2003).Table 1. Effect of aNr-CAM 837 on the Behavior of E14.5 Retinal Axon Growth on Chiasm Cells
Condition Overall Neurite Area Ten Longest Neurites Chiasm Cell Contacts
DT + Fc 429387 6 25389 mm2 1084 6 50 mm NA
DT + aNr-CAM 837 416300 6 20592 mm2 1047 6 39 mm NA
DT + chiasm + Fc 399633 6 19434 mm2 1111.6 6 25 mm 19.75% 6 1.75%
DT + chiasm + aNr-CAM 837 281108 6 22091 mm2*** 990 6 37 mm* 19.44% 6 1.53%
VT + Fc 272419 6 16034 mm2 1005 6 36 mm NA
VT + aNr-CAM 837 219998 6 15706 mm2* 1026 6 41 mm NA
VT + chiasm + Fc 208880 6 14317 mm2** 919 6 22 mm* 21.44% 6 2.49%
VT + chiasm + aNr-CAM 837 179150 6 15020 mm2 843 6 22 mm* 19.46% 6 1.06%
Explants from E14.5 DT and VT retina were grown on either laminin substrates or laminin substrates seeded with a low density of chiasm cells in
the presence of either control (Fc) or Nr-CAM function-blocking (aNr-CAM 837) antibodies. Chiasm cells reduce both the average neurite length
and total area of outgrowth for VT but not DT axons, consistent with earlier observations (Wang et al, 1995). Addition of aNr-CAM, however, con-
verts the behavior of DT axons on chiasm cells to more VT-like behavior. Blocking Nr-CAM does not affect the frequency of contacts between
chiasm cells and retinal axons, suggesting that Nr-CAM mediates the degree of axon extension upon contact with chiasm cells, rather than
chiasm cell avoidance per se. *p < 0.05; **p < 0.01; ***p < 0.001; values indicate average 6 SEM.
Nr-CAM Function in Retinal Axon Guidance
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total neurite area for VT axons growing on low density
chiasm cells + laminin compared to laminin alone (p =
0.0017). For DT explants, neither chiasm cells nor the
control or function-blocking antibody on their own had
a significant effect on neurite outgrowth. In contrast, in
the presence of both chiasm cells and aNr-CAM 837,
DT axon outgrowth was reduced by 30% (p = 0.0003),
while VT axons were less severely affected (Figure 3D).
Thus, when Nr-CAM function is blocked, chiasm cells
become a less permissive growth substrate for axons
that normally project contralaterally.
To address how blocking Nr-CAM function affects
growth on chiasm cells (e.g., through promoting neurite
initiation, neurite extension, or chiasm cell avoidance),
we performed two additional quantitative analyses of
neurite behavior in these cocultures (Table 1). The fre-
quency of encounters between retinal axons and chiasm
cells was calculated by measuring the percentage of
chiasm cells that were contacted by a retinal axon (see
Supplemental Experimental Procedures). Regardless
of retinal region or treatment condition, however, retinal
axons grew overw20% of chiasm cells, suggesting that
blocking Nr-CAM does not alter the probability that an
axon will contact or avoid individual chiasm cells. Sec-
ond, the ten longest neurites from each explant were
measured to assess whether aNr-CAM 837 had an effect
on neurite elongation. As expected, chiasm cells re-
duced VT neurite length by 8.6% (p = 0.048) but did
not affect DT length under control conditions. aNr-
CAM 837 had no significant effect on laminin substrates
but reduced VT axon length by 8.3% (p = 0.023) and DT
length by 10.9% (p = 0.014) on chiasm cells. Thus, when
Nr-CAM function is blocked, retinal axons respond to
chiasm cell contact with reduced axon extension, an ef-
fect that is more pronounced for DT than VT.
Nr-CAM is expressed on both RGC axons and the
radial glia of the chiasm region, and bath application of
function-blocking antibodies cannot determine whether
the requirement for Nr-CAM is primarily in the retina or
in the chiasm. To address this issue of cell autonomy,
we performed ‘‘mix-and-match’’ cocultures using ex-
plants and chiasm cells isolated from wild-type and
Nr-CAM2/2 embryos (Figure S3). Because both wild-
type andNr-CAM2/2 chiasm cells inhibit outgrowth from
wild-type VT and DT explants to similar degrees, loss of
Nr-CAM does not appear to render the chiasm environ-
ment less permissive to retinal axons. On the other hand,
Nr-CAM2/2 DT explants grow more poorly than wild-
type DT explants on wild-type chiasm cells (24% reduc-
tion, p = 0.0096), suggesting that Nr-CAM functions
primarily in the retina.
Nr-CAM Knockouts Display an Age-Dependent
Increase in the Size of the Ipsilateral Projection
Together, these in vitro studies suggest that Nr-CAM
may help promote the passage of contralateral retinal
axons through the generally inhibitory chiasm region.
To determine whether Nr-CAM influences pathway se-
lection in vivo, we investigated the retinal projections
in Nr-CAM knockout mice (Sakurai et al., 2001). By an-
terograde DiI fills, we were unable to detect any obvious
differences between control (Nr-CAM+/) and Nr-CAM2/2
animals at E14.5 (n = 10) and P0 (n = 7). However, thismethod has limited sensitivity and cannot evaluate the
spatial organization of retinal projections. Thus, we uti-
lized retrograde labeling to examine whether the distri-
bution of ipsilaterally and contralaterally projecting cells
is altered in Nr-CAM2/2 retinae.
Both Nr-CAM+/2 and Nr-CAM2/2 retinae display
a similar pattern of labeling at E16.5 (Figure 4A). Ipsilat-
eral RGCs are concentrated mainly within the VTC, with
a few cells scattered throughout the DC region. Labeled
cells are found throughout the contralateral retina but
at a lower density at the periphery of the VTC. By
E18.5, the number of ipsilateral cells observed in the
Nr-CAM+/2 VTC increases in accordance with the con-
tinued growth of the uncrossed projection, while the
gap in the contralateral VTC disappears as many RGCs
from this region begin to cross the midline (Figure 4B). In
E18.5 Nr-CAM2/2 retina, we observed two differences
in the distribution of labeled cells compared to heterozy-
gotes. First, ipsilateral RGCs seem to be present in
larger numbers and at a higher density in the VTC. Sec-
ond, fewer contralateral cells are found in the most
peripheral regions of the VTC, where later-born RGCs
reside (brackets in Figure 4B). To quantify these data,
we counted cells in a defined region of the VTC in the
ipsilateral and contralateral retinae (Figure 4C) and
used these values to calculate the Ipsilateral Index (II),
which represents the percentage of cells within the
VTC that project ipsilaterally (Williams et al., 2003). Sur-
prisingly, Nr-CAM homozygotes have a lower propor-
tion of ipsilaterally-projecting RGCs at younger ages
(E15.5–E17.5) compared to controls. However, at E18.5
and older, the II is consistently higher for homozygotes
compared to heterozygotes (Figures 4C and 4D).
The age dependence of the Nr-CAM phenotype sug-
gests that late-born RGCs, located in peripheral retina,
are most likely to make guidance errors. To address
this, we determined the II for different positions along
the mediolateral axis of the retina (Figure 4D). At E16.5,
the distribution of cells is similar in Nr-CAM+/2 and
Nr-CAM2/2 retina, except that fewer ipsilateral RGCs
are found in medial regions of retina in Nr-CAM nulls,
amounting to a net 21% decrease in the II (p = 0.0077).
At E18.5, however, the II is 23% higher in Nr-CAM nulls
(p = 0.00083), and the proportion of ipsilateral cells in the
peripheral 200 mm—where newly differentiated RGCs
reside—is significantly greater than in heterozygotes
(p = 0.00001 for 0–100 mm; p = 0.04 for 100–200 mm).
Nr-CAM IsRequired Specifically for the Late-Crossed
Projection from Ventrotemporal Retina
These findings reveal that although Nr-CAM is ex-
pressed in several regions of retina that give rise to con-
tralateral projections, its function is required only by
axons originating from the VTC at a specific late stage
of development. If Nr-CAM acts cell autonomously as
proposed, then (1) Nr-CAM expression should expand
into the VTC at later ages, and (2) older VT explants
should grow more poorly on chiasm cells when Nr-CAM
function is blocked. As shown in Figure 5A, both Nr-
CAM and EphB1 are highly expressed in the VTC when
the late-crossed projection forms; moreover, dextran-
labeled cells can be found within this EphB1+/Nr-
CAM+ region in the contralateral VTC, in contrast to what
is observed at E16.5 (compare Figure 5A to Figures 2C
Neuron
540Figure 4. Nr-CAM Mutants Show an Age-Dependent Increase in the Size of the Ipsilateral Projection
(A) Representative E16.5 Nr-CAM+/2 (top) and Nr-CAM2/2 (bottom) retina, ipsilateral (left) or contralateral (middle) to rhodamine-dextran appli-
cation. (Right) High-magnification views of the ipsilateral VTC.
(B) Distribution of ipsilateral (left) and contralateral (right) RGCs in the E18.5Nr-CAM+/2 (top) and Nr-CAM2/2 (bottom) VTC. There are fewer con-
tralateral RGCs at the periphery of Nr-CAM2/2 retina (brackets).
(C) (Top) Cartoons depicting the method for counting cells (red dots) within the VTC (dotted blue area) and calculating the ipsilateral index (II).
(Bottom) Plot of II versus age (retina size) for Nr-CAM+/2 (red triangles) and Nr-CAM2/2 (blue squares) embryos. In heterozygotes, the II remains
stable from E16 to E18, while in homozygotes, the II is initially abnormally small but increases steadily over time. The retinae depicted in (A) and
(B) are circled.
(D) (Left) Calculation of the II for 100 mm subdivisions of retina. (Right) Plots of the II versus mediolateral position for E16.5 (top) and E18.5 (bottom)
retinae. Bar graphs indicate the mean II of the entire VTC forNr-CAM+/2 (red) andNr-CAM2/2 (blue) retinae. At E18.5, the II is 23% higher overall in
Nr-CAM2/2 embryos, which is due to an increase in the proportion of ipsilateral RGCs in the most peripheral 200 mm of retina.
Scale bars, 100 mm, except 500 mm in (A) (left). Error bars indicate SEM; n’s are indicated in parentheses.and 2D). Thus, this expansion of Nr-CAM into the periph-
eral VTC correlates with a shift in projection behavior
from predominantly ipsilateral to predominantly contra-
lateral for RGCs from this region.
To test whether older VT axons require Nr-CAM func-
tion to respond properly to chiasm cells, we cocultured
E17.5 retinal explants with low density chiasm cells in
the presence of either a control (aNr-CAM 792, see Ex-
perimental Procedures) or function-blocking (aNr-CAM
837) antibody. In contrast to younger chiasm cells,
E17.5 chiasm cells are not inhibitory to retinal axon
growth at low density under control conditions (Figures
5B and 5C), probably because they express lower levels
of ephrin-B2 (Williams et al., 2003). However, in the pres-
ence of aNr-CAM 837, outgrowth on chiasm cells is sig-
nificantly reduced for both DT (28%; p = 0.0061) and VT
(26%; p = 0.006) explants. As shown in Figure 5D, at both
E14.5 and E17.5, regions of retina that give rise to con-
tralateral projections grow more poorly on chiasm cells
in the presence of aNr-CAM 837, consistent with a posi-
tive role for Nr-CAM in promoting midline crossing.While mix-and-match experiments conducted at
E14.5 revealed that the major requirement for Nr-CAM
is in the retina rather than the chiasm, it is formally possi-
ble that Nr-CAM may function by a different mechanism
at later stages of development, particularly in light of the
difference between the early- and late-stage phenotype
observed in Nr-CAM mutants. To address this issue, we
repeated these experiments at E17.5 (Figures 5E and 5F).
While the high density of chiasm cells used in these ex-
periments inhibit outgrowth from both DT and VT ex-
plants, there are no significant differences between
wild-type andNr-CAM2/2 chiasm cells. Similarly, though
outgrowth of Nr-CAM2/2 DT axons is reduced to a
greater extent (33.5%) compared to wild-type DT on
wild-type chiasm cells (14.7%), this difference is not sta-
tistically significant (p = 0.134). On the other hand, Nr-
CAM2/2 VT axons grow much more poorly than wild-
type VT axons on both wild-type (51.4% reduction) and
Nr-CAM2/2 chiasm cells (44.6% reduction), demonstrat-
ing that Nr-CAM is specifically required in the region of
retina that is the source of the late-crossed projection.
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(A) VTC of EphB1lacZ/+;Nr-CAM-EGFP retina retrogradely labeled at P0. Dextran+ RGCs (red) are found in the periphery of the contralateral retina
(bracketed region), which was previously the ipsilateral domain. While at earlier ages Nr-CAM (green) is excluded form the VTC, by P0 it colo-
calizes with EphB1 (blue) in many cells. Similar results were observed at E18.5.
(B) Representative E17.5 VT (top) and DT (bottom) explants cultured with antibody alone (left) or on chiasm cells plus control antibody (middle) or
function-blocking aNr-CAM 837 (right).
(C) Quantification of neurite outgrowth from three independent experiments as shown in (B). Despite the fact that E17.5 chiasm cells are not in-
hibitory on their own at low density, aNr-CAM 837 reduces growth of both VT and DT explants on chiasm cells.
(D) Regardless of age, regions of retina that project contralaterally grow more poorly on chiasm cells when Nr-CAM function is blocked. Neurite
outgrowth at E14.5 (from Figure 3C) and E17.5 for VT and DT explants, normalized relative to control conditions (black bars). Low-density chiasm
cells (gray bars) are inhibitory to VT but not DT explants at E14.5 but have no effect on their own at E17.5. In the presence of aNr-CAM 837 (white
bars), only DT outgrowth is significantly impaired by chiasm cells at E14.5. However, at E17.5, when VT axons begin to project contralaterally,
both VT and DT are affected.
(E) E17.5 Mix-and-match retina-chiasm cocultures reveal thatNr-CAM is specifically required in VT retina—source of the late-crossed projection
that is perturbed in Nr-CAM mutants—for robust growth on chiasm cells. At high density, both wild-type (gray bars) and Nr-CAM2/2 (white bars)
chiasm cells have a similar mild inhibitory effect on axon outgrowth irrespective of genotype or retinal origin. However, Nr-CAM2/2 VT explants
grow much more poorly on either type of chiasm cells compared to their wild-type counterparts.
(F) Expression of Nr-CAM protein (green) for wild-type VT (left), wild-type DT (middle), andNr-CAM2/2 VT (right) retinal axons grown on wild-type
chiasm cells (blue) at E17.5. bIII tubulin (red) labels all retinal axons and a subset of chiasm cells, most of which are also Nr-CAM+. Nr-CAM levels
are generally higher on VT than DT axons, consistent with the more pronounced effect of loss ofNr-CAM on VT growth on chiasm cells and in vivo
at this late stage. Nr-CAM is not detected on knockout axons, though still present on wild-type chiasm cells, demonstrating the specificity of the
837 antibody.
Scale bars, 100 mm in (A), 500 mm in (B), 20 mm in (F). Error bars indicate SEM; n’s are indicated in parentheses.Expression of Other L1 and Contactin Family CAMs
Reveals Potential Overlapping Functions
Nr-CAM is expressed in contralaterally projecting popu-
lations of RGCs throughout development, yet its func-
tion in vivo is restricted to the late VTC. Thus, we
reasoned that other CAMs expressed in the visual path-
way may partially compensate for loss of Nr-CAM, as
has been previously documented in the cerebellum
(Sakurai et al., 2001). To this end, we investigated the ex-
pression of all L1 and contactin family CAMs in the retina
and chiasm during both the peak and late phases of
visual development. Interestingly, though other CAMs
are present in the chiasm region, the expression of Nr-
CAM on midline radial glia is unique (Figure S4), sug-
gesting that the midline ligand for Nr-CAM is unlikely
to be another CAM. However, there are five other
CAMs expressed by RGCs that could serve a redundant
or coreceptor function with Nr-CAM (Figure 6). Among
these, TAG-1 and Neurofascin are expressed in themost intriguing patterns. Neurofascin is highly ex-
pressed throughout the RGC layer at E14.5 and, like
Nr-CAM, appears to be enriched in the VTC at E17.5.
TAG-1 is expressed by a subpopulation of RGCs and
their axons, and by wE17, it becomes restricted to
peripheral retina, particularly the VTC. Consistent with
this, TAG-1 is more abundant on E17.5 VT axons than
DT axons in culture (Figure S5). Moreover, TAG-1+
RGCs in the VTC at E18.5 generally project contralater-
ally, raising the possibility that TAG-1 may also play
a role in midline crossing.
Nr-CAM and EphB1 Pattern Binocular Vision
through Independent Pathways
Recently, the LIM homeodomain transcription factor Isl2
has been shown to control the magnitude of the ipsilat-
eral projection by repressing the Zic2/EphB1 pathway
(Pak et al., 2004), and the phenotype of Isl2 and Nr-
CAM mutants is similar. This raises the possibility that
Neuron
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Expression of L1 and contactin family CAM
mRNAs in retina at E14.5 (A) and E17.5 (B).
L1 is expressed uniformly throughout the
RGC layer at both ages, though at reduced
levels in peripheral retina (arrowheads). Neu-
rofascin is highly expressed in RGCs at both
ages, and like Nr-CAM, mRNA levels are en-
riched in the VTC at later ages (arrow). Con-
tactin (Cntn1/F3/F11) is expressed in the
RGC layer at low levels at both ages, con-
firmed by antibody staining (data not shown).
TAG-1 is expressed in a subset of RGCs
at both ages, and though initially broadly
expressed, becomes more restricted to the
VTC by E17.5 (arrow). NB-2 is expressed in a dorsal/ventral gradient at both ages and is excluded from the VTC. The L1 CAM CHL1 and con-
tactins Big-1, Big-2, and NB-3 were not detected in retina at either age and thus are not shown.
Scale bars, 100 mm.Nr-CAM may function antagonistically to EphB1. By ex-
amining the RGC projection patterns in Nr-CAM;EphB1
double mutants, we reasoned that we could test (1)
whether Nr-CAM and EphB1 act independently to pat-
tern binocular projections and (2) whether Nr-CAM2/2
retinal axons make guidance errors even in the absence
of a preexisting ipsilateral projection.
Because of our breeding scheme, Nr+/2 E1+/2 animals
serve as controls, although haploinsufficiency at the
EphB1 locus causes an initial delay in the formation of
the ipsilateral projection that is corrected by E18.5 (Wil-
liams et al., 2003). Even on an EphB1+/2 background, at
E16.5 the ipsilateral projection is smaller in Nr2/2 E1+/2
nulls compared to Nr-CAM heterozygotes (Nr+/2 E1+/2;Figures 7A, 7C, and 7D). Nr+/2 E12/2 animals have very
few ipsilateral RGCs, as previously described for
EphB1 nulls (Williams et al., 2003). Nr2/2 E12/2 double
mutants exhibit a similar phenotype as EphB1 single
mutants (Nr+/2 E12/2), which is not surprising since
Nr-CAM is expressed at low levels in the VTC and has
little impact on its own at this time.
By E18.5, the ipsilateral projection in EphB1 heterozy-
gotes (both Nr+/2 E1+/2 and Nr2/2 E1+/2) increases to
nearly wild-type levels. EphB1 mutants (Nr+/2 E12/2) at
E18.5 continue to have a much smaller (78% lower) ipsi-
lateral component compared to Nr+/2 E1+/2 controls
(Figures 7B–7D). Double mutants, however, have an ipsi-
lateral index that is 132% higher (p = 0.0009) than EphB1Figure 7. A Substantial Ipsilateral Projection
Develops in Nr-CAM;EphB1 Double Mutants
(A and B) Images of retrogradely labeled ipsi-
lateral (top) and contralateral (bottom) RGCs
in the VTC at E16.5 (A) and E18.5 (B) for differ-
ent genotypes.
(C) Scatterplot of II versus retinal radius/age
for each genotype. Note that double mutants
(hollow blue squares) are indistinguishable
from EphB1 single mutants (hollow red trian-
gles) at E16.5 but have a consistently higher II
at E17.5 and later.
(D) Bar graphs of data depicted in (C) binned
into age pools for E16.5, E17.5, and E18.5+.
Consistent with earlier observations, Nr-
CAM nulls (solid blue bar) have a smaller
than normal (solid red bar) II at E16.5, which
increases rapidly in size over time. EphB1
nulls (cross-hatched red bar) have a very
small II at all ages. Double mutants (cross-
hatched blue bar) initially have a small II,
which increases substantially by E18.5, dem-
onstrating that EphB1 is not required for
Nr-CAM function.
Scale bars, 100 mm. Error bars indicate SEM;
n’s are indicated in parentheses.
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trols. A summary of the phenotypes observed at both
the peak (wE16.5) and late (wE18.5) phases of visual
development for each of the genotypes examined is pre-
sented in Figure 8. Since a substantial ipsilateral projec-
tion can form even in the absence of EphB1, we con-
clude that (1) Nr-CAM functions as part of an active
program—which does not require EphB1—to promote
midline crossing late in development and (2) a preexist-
ing ipsilateral projection is not required for VT axons to
misproject in Nr-CAM mutants.
Discussion
In such diverse species as mice, frogs, and humans, re-
pulsive interactions mediated by B subclass Ephs and
Figure 8. Visual Projection Phenotypes in Nr-CAM and EphB1
Mutants
(Left) Schematics of the proportion of RGCs that project ipsilaterally
(red) and contralaterally (green) in the different mutants examined.
(Right) Cartoons illustrating the distribution of ipsilateral (red)
and contralateral (green) RGCs born at each phase of development.
Dotted lines indicate the position of the ‘‘line of decussation’’ that
separates the VTC from the remainder of the retina. In wild-type an-
imals (top), w3% of RGCs project ipsilaterally, with most of these
generated during the peak phase. During the late phase, many VT
RGCs project contralaterally, so that by birth, the VTC contains
a mix of both populations of RGCs. In EphB1 mutants (second row)
approximately five times fewer ipsilateral RGCs are generated
throughout development, although the II increases slightly with
age. Nr-CAM mutants (third row) exhibit the opposite phenotype,
with an abnormally large ipsilateral component. However, this is
manifested only during the late phase of development. Double mu-
tants (bottom) initially exhibit an EphB1-like phenotype, but during
the late phase, there is a burst in the production of ipsilateral
RGCs, as inNr-CAMmutants. The overall result is that the magnitude
of the ipsilateral component falls roughly halfway between either of
the two single mutants. Note also that although the ratio of ipsilateral
to contralateral cells within the VTC changes in each of these
mutants, the position of the line of decussation remains unaltered.ephrins have been implicated in the formation of ipsilat-
eral visual projections and, thus, in the patterning of bin-
ocular visual pathways (Lambot et al., 2005; Nakagawa
et al., 2000; Williams et al., 2003). To date, however, there
is no direct evidence for attractive or growth-promoting
forces in controlling retinal axon divergence at the optic
chiasm. Here, we demonstrate that Nr-CAM, an L1 cell
adhesion molecule previously implicated in midline
crossing in the spinal cord (Pekarik et al., 2003; Stoeckli
and Landmesser, 1995; Stoeckli et al., 1997), may serve
such a function in the developing visual system. More-
over, we provide insight into the molecular mechanisms
that govern the formation of the late-crossed projection
from temporal retina, a developmental phenomenon
that has been described anatomically in many species
(Baker and Reese, 1993; Drager, 1985; Reese and
Colello, 1992; Reese et al., 1992), but whose ontogeny
is poorly understood.
The Ventrotemporal Crescent as a Unique
Retinal Domain
In previous studies we found that the residual ipsilateral
projection in EphB1 knockouts still correctly originates
from the VTC, even in EphB1;EphB2;EphB3 triple mu-
tants where all gradients of EphB receptors in the retina
have been eliminated (Williams et al., 2003). This sug-
gests that the VTC is unique from the remainder of the
retina by criteria other than the differential expression
of EphB1. Indeed, in addition to guidance cues such as
EphB1, recent studies have identified transcription fac-
tors that are differentially expressed between the VTC
and the remainder of the retina. Zic2, possibly acting
through EphB1, specifies RGCs that project ipsilaterally,
while Isl2 is expressed in a complementary pattern in
RGCs that project contralaterally (Herrera et al., 2003;
Pak et al., 2004). The winged helix transcription factors
Foxd1 and Foxg1 (also known as BF-1 and BF-2, respec-
tively) are also expressed in opposing gradients, with
Foxd1 broadly restricted to the VTC (Herrera et al., 2004;
Pratt et al., 2004). To this growing list of differentially
expressed molecules, we can now add Nr-CAM, TAG-
1, NB-2, and Neurofascin, which each show elevated or
restricted expression between VT and non-VT retina.
Unique and Potentially Redundant Functions
of Nr-CAM
One of the most striking aspects of the Nr-CAM pheno-
type is that despite broad expression in contralaterally
projecting RGCs, Nr-CAM is required only at a specific
time and place within the retina. Does Nr-CAM play a
role in promoting midline crossing for non-VT axons?
On the one hand, we were able to alter the response of
DT axons—which express Nr-CAM and normally cross
the midline at both E14.5 and E17.5—by blocking
Nr-CAM function in retina-chiasm cocultures and semi-
intact preparations. Moreover, Nr-CAM2/2 DT explants
grow more poorly on high densities of chiasm cells than
their wild-type counterparts. These data suggest that
Nr-CAM can influence the response of non-VT axons
to cells of the chiasm region under certain conditions.
On the other hand, DT axons do not make guidance
errors in Nr-CAM mutants. Perhaps Nr-CAM’s activity is
not sufficiently strong to alter pathway selection in vivo
or perhaps these in vitro systems do not accurately
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axons in vivo. DT and VT axons cross the midline at dif-
ferent rostrocaudal locations (Chan and Chung, 1999)
and thus may have differential access to potential Nr-
CAM ligands present in the chiasm, a physical constraint
that is eliminated when chiasm cells are dissociated.
However, this cannot explain the observation that the
magnitude of the ipsilateral projection can be increased
by aNr-CAM 837 treatment at E14.5 in semi-intact prep-
arations, where the chiasm environment remains largely
intact.
It is clear from our own studies and those of others
that perturbation of CAM function using antibodies or
Fc reagents does not necessarily yield the same effect
as genetic deletion. In the ventral spinal cord, function-
blocking reagents against TAG-1 or Nr-CAM prevent
commissural axons from crossing the floor plate (Lustig
et al., 1999; Stoeckli and Landmesser, 1995; Stoeckli
et al., 1997), but similar defects have not been detected
in mouse mutants (More et al., 2001). In our studies,
a higher concentration of chiasm cells was required to
observe a similar effect as that evoked by antibody
treatment in retina-chiasm cocultures, demonstrating
that the effect of impairing Nr-CAM-containing com-
plexes is more severe than removing Nr-CAM alto-
gether. One scenario that could explain these findings
is that a cis-acting coreceptor is necessary for Nr-CAM
function, while a third factor acts interchangeably with
Nr-CAM in this complex. When a function-blocking anti-
body is applied, Nr-CAM coreceptor complexes that
have already formed are inactivated and prevented
from interacting with potential ligands. In addition, the
formation of coreceptor complexes with redundant fac-
tors may be impaired due to the limited availability of
free coreceptor. However, genetic removal of Nr-CAM
would not prohibit formation of complexes with this re-
dundant factor, so the functional consequences would
be comparatively mild.
We have identified five L1 and contactin family
CAMs—L1, Neurofascin, F3/contactin, TAG-1, and NB-
2—whose expression patterns in the retina partially
overlap with Nr-CAM’s, suggesting that they could
potentially serve as either coreceptors or functional sub-
stitutes. While to our knowledge no chiasm defect has
been reported in any of the available knockouts, the
subtlety and age-specific nature of the Nr-CAM pheno-
type reveals that pathfinding errors may be difficult to
detect. Among these candidates, Neurofascin seems
most likely to act redundantly, as its expression pattern
is similar to that of Nr-CAM, and it shares a common
binding partner in ankyrin G (Lustig et al., 2001b).
Because TAG-1—like all contactins—is GPI linked, it
may require a transmembrane coreceptor to transduce
its signal. Consistent with this notion, TAG-1 has been
shown to bind to L1 and Nr-CAM in both cis and trans
(Buchstaller et al., 1996; Fitzli et al., 2000; Lustig et al.,
1999). Future analyses of TAG-1;Nr-CAM and Neuro-
fascin;Nr-CAM double mutants may shed light on
whether such a mechanism regulates midline crossing
for other regions of retina. In addition, while the pres-
ence of other CAMs in the VTC cannot rescue the defect
in the formation of the late-crossed projection observed
in Nr-CAM mutants, the restricted pattern of TAG-1 in
the late VTC warrants further investigation.Nr-CAM Ligands in the Chiasm Region
While changes in the expression of transcription factors
and guidance cues in the retina provide insights into
how binocular visual pathways are patterned, the cues
present at the chiasm midline also play an important
role in this process. In addition to waning ephrin-B2 ex-
pression, several molecular and morphological changes
have been documented to occur in the developing chi-
asm, which could in part explain the differences ob-
served in the behaviors of early- and late-crossing RGC
axons. The CD44+/SSEA-1+ population of early neurons
known to influence retinal axon growth undergo dy-
namic rearrangements between E14 and E18, and while
CD44 plays an important role in early crossing, it is dis-
pensable later (Lin and Chan, 2003; Lin et al., 2005;
Sretavan et al., 1995). As discussed at greater length in
the following section, fiber-fiber interactions between
axons from opposing eyes also play an important role
in chiasm patterning, but only for the earliest projections
(Chan and Guillery, 1993; Godement et al., 1987).
Here, we provide two novel insights into how the chi-
asm environment changes during development through
our analyses of Nr-CAM function. First, we demonstrate
that while the late-phase chiasm has significantly dimin-
ished inhibitory activity, declining EphB1/ephrin-B2-
mediated repulsion cannot by itself explain the progres-
sive loss of ipsilateral projections late in development,
since uncrossed projections from the VTC form abnor-
mally in Nr-CAM mutants, even in the absence of
EphB1. Second, we note that blocking Nr-CAM reduces
the growth of contralaterally projecting populations of
RGCs on chiasm cells at both E14.5 and E17.5 but alters
their projection behavior in vivo only at the later age. This
suggests that an Nr-CAM ligand is present in both the
early- and late-stage chiasm, but perhaps it is expressed
at low levels or is only accessible to a subset of axons
at E14.5.
While we have shown that other CAMs are expressed
in the chiasm region, only Nr-CAM is likely to be encoun-
tered by retinal axons as they traverse the midline. Since
data from mix-and-match retina-chiasm cocultures at
both E14.5 and E17.5 suggest that proper pathfinding
requires Nr-CAM function in the retina but not in the chi-
asm, it seems unlikely that the Nr-CAM ligand is either
itself or another CAM. An intriguing potential for cross-
talk between the CAM and semaphorin signaling path-
ways has been demonstrated by the revelation that both
L1 and Nr-CAM can associate with neuropilins (Castel-
lani et al., 2000; Julien et al., 2005). Though no sema-
phorin has yet been identified at the mammalian chiasm,
sema3d present in the zebrafish chiasm has recently
been shown to impact RGC midline guidance (Sakai
and Halloran, 2006). Ultimately, identification of specific
Nr-CAM ligands and binding partners may reveal
why Nr-CAM has different activities in different cellular
contexts.
A Possible Dual Role for Nr-CAM Function in Early
and Late Stages of Development
A peculiar aspect of the Nr-CAM null phenotype is that
initially there are fewer axons that project ipsilaterally,
in contrast to what is observed at later ages. The obser-
vation that this reduction in the number of ipsilateral
RGCs occurs only in the medial (older) regions of the
Nr-CAM Function in Retinal Axon Guidance
545VTC inNr-CAMmutants supports the idea that early pro-
jections are disrupted, although the very first projections
from dorsocentral retina form normally (Figure 4A and
data not shown). Monocular enucleation studies have
revealed the importance of early fiber-fiber interactions
between axons from opposing eyes in the establishment
of bilateral projections. When one eye is removed at
a young age, fewer axons project ipsilaterally, presum-
ably due to the loss of permissive signals present on
contralateral axons from the opposite eye (Chan and
Guillery, 1993; Godement et al., 1987). Thus, loss of
Nr-CAM may impair the ability of early ipsilateral axons
to fasciculate with crossed axons from the opposite
eye, which could occur by at least two possible mecha-
nisms. First, formation of the early-crossed projection
could be delayed, since blocking Nr-CAM function on
retinal axons in chick has been shown to slow growth
rates (Zelina et al., 2005). Second, Nr-CAM expressed
on crossed axons could facilitate early growth into the
ipsilateral optic tract by interacting with a binding part-
ner expressed on VT axons in the opposing optic nerve.
Either mechanism of Nr-CAM action would likely to be
limited to the early phase of chiasm formation, however,
since these fiber-fiber interactions become less impor-
tant at later ages and enucleations have little effect if
performed once the optic tracts are established (Chan
and Guillery, 1993; Godement et al., 1987).
Conclusions
While recent studies have shed light on the mechanisms
involved in the formation of ipsilateral retinal projec-
tions, to date, little is known about how contralateral
projections form. In this study, we provide evidence
that Nr-CAM mediates a unique guidance mechanism
that is required by the late-crossed projection from the
VTC. In the absence of Nr-CAM, a greater percentage
of RGCs within this region project ipsilaterally, a behav-
ior that is similar to the defect recently reported in Isl2
mutants (Pak et al., 2004). These results support the
idea that midline crossing is in fact an active process
and that the magnitude of binocular vision, particularly
at later stages of development, may be fine tuned by
an evolutionarily conserved mechanism distinct from
the ephrin-B2/EphB1 pathway that is used to direct
the ipsilateral projection.
Experimental Procedures
Nr-CAM Knockout and Transgenic Mice
Nr-CAM and EphB1 knockout mice (Sakurai et al., 2001; Williams
et al., 2003) were maintained on a 129SvEvS6/Taconic genetic back-
ground.Nr-CAM2/2;EphB12/2 animals were born at roughly Mende-
lian ratios and are fertile, morphologically normal, and survive to
adulthood. All experiments were performed and analyzed blind to
genotype, which was determined by PCR. To generate the Nr-CAM-
EGFP line, an w200 kb Caltech BAC clone (Incyte Genomics Inc.,
internal GS control #27484) that contains 50 upstream regions and
the first four exons of the mouse Nr-CAM gene was modified to ex-
press EGFP underNr-CAM regulatory sequences (Gong et al., 2002).
This modified BAC clone was used to establish transgenic founders
that were crossed with wild-type B6C3F1 hybrid mice (Taconic).
In Situ Hybridization and Immunohistochemistry
Methods for colorimetric and fluorescent in situ hybridization on 60–
100 mm vibratome and 20 mm cryostat sections from C57Bl/6 em-
bryos are previously described (Riddle et al., 1993; Williams et al.,
2003). The specific cDNA sequences used to generate riboprobesare described in Supplemental Experimental Procedures. For immu-
nohistochemistry, 20 mm cryosections were blocked with 10% nor-
mal donkey serum in PBS + 0.2% triton for 1 hr before applying pri-
mary antibodies in 1% NDS overnight at 4ºC. EphB1 expression
reflects the presence of the b-galactosidase reporter in EphB1lacZ/+
knockins (Williams et al., 2003). The EGFP reporter in the trans-
genic was detected using an HRP-conjugated GFP antibody
(Research Diagnostics) and TSA-fluorescein (Perkin-Elmer). The fol-
lowing antibody dilutions were used: rabbit anti-Zic2 (Herrera et al.,
2003), 1:10000; goat anti-bgal (Biogenesis), 1:500; mouse IgM anti-
TAG-1 mAb 4D7, 1:100; rabbit anti-Neurofascin (Tait et al., 2000),
1:2000; mouse IgM anti-RC2, 1:5; rabbit anti-Nr-CAM 837 (Lustig
et al., 2001a), 1:2000; HRP-conjugated goat anti-GFP, 1:500. Cy3,
Cy5, Cy2 (Jackson) or AlexaFluor 488 (Molecular Probes) were
used as secondary antibodies. Images were captured with an Axio-
cam digital camera on a Zeiss Axioplan 2 microscope. Images in Fig-
ures 2, 5A, S2, and S5 were taken as z stacks and processed with
Openlab deconvolution software (Improvision).
Retrograde Labeling
Retinae were labeled with rhodamine-conjugated dextran MW 6000
(Molecular Probes) as previously described (Williams et al., 2003).
The ipsilateral index reflects the percentage of cells within VT that
project ipsilaterally (Figure 4C). The VTC was defined laterally by the
domain of Zic2 expression (with the circumference of the region
counted kept constant for each pair of retinae) and medially as 1/3
of the retinal radius, which reflects the approximate extent to which
labeled cells were located in the ipsilateral retina. Cells were counted
manually, blind to genotype. Nr-CAM heterozygotes were indistin-
guishable from wild-type littermates and thus were used as controls.
Cell Culture
Semi-intact preparations of the visual system were dissected from
E14.5 embryos and cultured on Millicell cellulose acetate mem-
branes (Millipore) in DMEM/F12 + 10% FBS for 24 hr at 37ºC (Gode-
ment et al., 1994; Williams et al., 2003). Control cultures were either
left untreated, or 100mg/ml human Fc (Jackson) or control antibody
(anti-chick plexin) was added to the media. To block Nr-CAM func-
tion, equal concentrations of Nr-Fc (Lustig et al., 1999) or aNr-CAM
837 were used. Cultures were fixed with 4% paraformaldehyde for
30 min. DiI (Molecular Probes) was placed in one retina and labeled
for 1 week at room temperature. Fluorescent images were taken with
an Axiocam digital camera on an Axioplan 2 upright or Stemi SV11
dissecting microscope (Zeiss). Cultures were scored blindly as hav-
ing no ipsilateral projection, a normal (small) ipsilateral projection, or
an abnormally large ipsilateral projection (>20% of the size of the
contralateral projection).
For retina-chiasm cocultures, retinal explants were plated onto
12 mm glass coverslip-bottom dishes (MatTek) coated sequentially
with 0.01% polyornithine (Sigma) and 10 mg/ml (E14.5) or 20 mg/ml
(E17.5) mouse laminin (Invitrogen) for 2 hr each at 37ºC. Cells from
the central chiasm region (w400 3 300 mm) were gently dissociated
with trypsin/EDTA and plated 2 hr after the retinal explants at a
density of 75,000 cells/dish (low density) for experiments with the
Nr-CAM antibody or 150,000 cells/dish (high density) for experi-
ments with the Nr-CAM knockouts. Cultures were grown in DMEM/
F12 serum-free medium (Wang et al., 1995) containing 0.4% methyl-
cellulose for 18 hr at 35.5ºC. After fixation with 4% paraformalde-
hyde, cultures were stained with a neurofilament (mAb 2H3) or bIII
tubulin (Sigma) antibody and Hoecsht 33258 (Molecular Probes).
Measurements of the total area of neurite outgrowth were performed
with Openlab image analysis software (Improvision) as described
(Williams et al., 2003).
In the function-blocking Nr-CAM antibody experiments, 50–100
mg/ml of aNr-CAM 837 was added to the cultures after the chiasm
cells had adhered. For controls, either 25 mg/ml human Fc (Jackson)
or 50 mg/ml anti-human Fc (ICN Biomedicals) was used. Alterna-
tively, aNr-CAM 792—which cannot detect or immunoprecipitate
native Nr-CAM (data not shown)—was used as a control for E17.5
cultures.
Statistical Analyses
Statistical significance was determined by two-tailed Student’s
t tests using Prism 3 (GraphPad Software). p values are indicated
Neuron
546as follows: *p < 0.05; **p<0.01; ***p < 0.001. Best lines were calcu-
lated using a linear regression analysis in Prism 3. Error bars in all fig-
ures represent the standard error of the mean. Chi-square tests were
used to compare treatment conditions in the semi-intact prepara-
tions, and were calculated using Prism 3.
Supplemental Data
Supplemental Data include five figures and Supplemental Experi-
mental Procedures and can be found with this article online at
http://www.neuron.org/cgi/content/full/50/4/535/DC1/.
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